ABSTRACT: Plasmon modes of the exact same individual gold nanoprisms are investigated through combined nanometer-resolved electron energy-loss spectroscopy (EELS) and cathodoluminescence (CL) measurements. We show that CL only probes the radiative modes, in contrast to EELS, which additionally reveals dark modes. The combination of both techniques on the same particles thus provides complementary information and also demonstrates that although the radiative modes give rise to very similar spatial distributions when probed by EELS or CL, their resonant energies appear to be different. We trace this phenomenon back to plasmon dissipation, which affects in different ways the plasmon signatures probed by these techniques. Our experiments are in agreement with electromagnetic numerical simulations and can be further interpreted within the framework of a quasistatic analytical model. We therefore demonstrate that CL and EELS are closely related to optical scattering and extinction, respectively, with the addition of nanometer spatial resolution.
T he last two decades have witnessed impressive advances in the synthesis of a vast range of nanoobjects with new and intriguing optical properties that are strongly dependent on their exact shape, size, composition, and local environment, opening new possibilities within the active field of nanooptics. Understandably, advances in this field have been largely fuelled by the availability of techniques that address optical properties at the nanometer scale, as well as new theoretical and simulation tools. Previously unexplored fundamental issues are raised, and in particular the classical optical concepts of extinction, absorption, and scattering are no longer sufficient to describe optical phenomena at the nanoscale. Instead, the spatial and spectral distributions of photonic eigenmodes have been recognized to play an important role when interpreting experimental outputs delivered by numerous near-field techniques. 1−8 Likewise, concepts such as the local density of optical states (LDOS) 9 or alternative descriptions in terms of modal decompositions 10 have become relevant for understanding nanoscale-resolved experiments, including scanning near-field optical microscopy, 11, 12 thermal radiation scanning tunnelling microscopy, 13 electron energy-loss spectroscopy (EELS), 12,14−20 and cathodoluminescence (CL). 16, 17, 21, 22 Nevertheless, the physics embodied in optical extinction, absorption, and scattering phenomena should hold, to some extent, at the nanometer scale. In other words, we still need to understand how a nanostructure absorbs and scatters electromagnetic waves at subwavelength scales. An experimental and theoretical framework reconciling both approaches, thus, is necessary. EELS and CL, which have proved to be outstanding tools for studying surface plasmons (SP) with superior spatial resolution even in the most complex systems, 23 are suitable candidates to address these issues. 24 In these techniques, a fast electron (typically traveling at half the speed of light) is focused onto or close to the nanostructure of interest. The electron is capable of transferring energy to the nanostructure via electromagnetic interaction. 25 This amount of energy is measured by analyzing the stopping experienced by the electron in EELS or by detecting the emitted light resulting from the interaction in CL. Therefore, it is basically the electromagnetic nature of the electron-sample interaction that allows us to explore the optical response of the nanostructure. In particular, CL relates to the ability of the nanostructure to scatter the evanescent electromagnetic field carried by the electron into the far field, whereas EELS probes the sum of radiative losses (i.e., CL) plus energy transfers that are inelastically absorbed by the materials involved. This close relationship between fast-electron-based spectroscopies and optical properties has been emphasized in qualitative interpretations of EELS and CL experiments in terms of either absorption, extinction, or scattering.
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However, the apparent connection between EELS and extinction on the one hand and CL and scattering on the other hand, which is also suggested by modal decomposition analyses in the case of spheres, 16, 24 has not been addressed theoretically in a general case. From the experimental viewpoint, we remark that combined EELS/CL experiments on the same nanoobject and in the same environment are still missing, precluding a fair, exact comparison of both techniques. Thus, we still lack a direct proof of the possibility of measuring optical extinction and scattering at the nanometer scale, as well as a clear evidence of the intimate relationship between traditional optics-based measurements and subwavelengthresolved electron-beam spectroscopies.
In this article, we present experimental and theoretical evidence that spatially resolved EELS and CL experiments performed on the same individual metallic nanoparticles allow us to directly disentangle radiative and nonradiative modes on an individual particle basis. We also show that EELS and CL are closely connected to optical extinction and scattering phenomena at the nanometer scale. By collecting nanometerresolved EELS and CL spectra from the same individual small gold triangular nanoprisms, we first demonstrate that only the dipolar mode is measured by both techniques, whereas the higher order modes are only accessible through EELS. This is a clear experimental signature of the inability of CL to detect nonradiative modes, in contrast to EELS. We further demonstrate that dipolar SP modes, as measured by both techniques, may appear to have different resonance energies although they give rise to similar intensity spatial distributions. Simulations clearly show that such spectral differences between EELS and CL are also present in light extinction and scattering. As a consequence, the main spectral differences between extinction and scattering observed when examining individual nanoparticles as a whole via far-field spectroscopies are qualitatively maintained upon nanoscale inspection within individual nanoparticles through EELS and CL. We formulate modal decompositions in the quasistatic limit for CL, as well as for optical extinction and scattering, and compare them to a previously derived formula for EELS. This helps us to understand in simple terms the role of dissipation that we report in both experiments and simulations, which affects extinction and scattering phenomena in distinct ways.
Gold triangular nanoprisms are synthesized using a seedmediated growth in aqueous media; 31, 32 briefly, a small amount of iodide ions is exploited to guide the two-step growth of gold seeds stabilized by cetyltrymethilammonium chloride toward In the case of EELS, the spectra are first deconvolved and normalized. The CL and EELS images are generated by coloring each filtered maps of the data sets according to its energy, weighing each pixel of the maps by its intensity and summing all the resulting images. This simplified representation of the EELS and CL data sets straightforwardly shows that the EELS data exhibit both dipolar and higher order modes, whereas the CL data exhibit mainly the dipolar mode. The black lines superimposed on the maps indicate the prism shape as obtained from the HAADF image. the final triangular shape. In this study, two batches of nanoprisms are used. The first one 32 consists of monodisperse equilateral 60 nm edge long, 30 nm thick nanoprisms deposited on a graphene sheet. The second one 31 consists of 80−200 nm edge long (and varying thickness) nanoprisms drop-casted on a thin carbon film. Such nanoparticles are chosen for their high crystallinity, which leads to well-defined resonances both in EELS 33 and CL, 34 and because the SP modes that dominate their optical response have been thoroughly discussed in the literature. 20, 27, 33, 35 In particular, in small nanoprisms (such as the 60 nm long ones), the modes are rather simple 35 and well described in the quasistatic limit. 20, 27 Additionally, the mode energies lie within the experimental range that is accessible with our CL detection system (above 1.2 eV). However, these nanoparticles yield extremely weak CL signals, which might explain why no spatially resolved CL experiments have been previously reported on objects of such a small size.
Experiments are performed using a scanning transmission electron microscope (STEM) fitted with homemade EELS detection 4 and high efficiency CL detection 36 systems, as presented in Figure 1a . Such a microscope generates a subnanometer electron beam that can be scanned over the region of interest. At each sampling point, a morphological (high angle annular dark field, HAADF) signal is recorded simultaneously with an EELS or a CL spectrum. At the end of the scan, both an HAADF image and a complete set of spatially resolved spectra are collected and can be accurately compared. Alternatively, such a set of spatially resolved spectra can be viewed as a collection of energy filtered maps, which show the spatial distribution of the recorded signal at constant energy (see below for examples). In these experiments, EELS and CL data sets are acquired sequentially because the experimental illumination conditions are drastically different for both spectroscopies, with electron beam currents typically 2 orders of magnitude higher for CL experiments (around 1 nA) than for EELS experiments (around 10−20 pA). Furthermore, typical acquisition times for EELS are 5 to 10 times shorter than for CL. This emphasizes the much higher interaction cross sections when measured by EELS as compared to CL.
As the purpose of the paper is to directly compare both techniques, extreme care is taken in calibrating both spectrometers. Further details can be found in the Methods section. We systematically check that the electron beam does not alter the prisms or the substrate during the scans, and we discard all experiments in which this happens. We stress that we perform measurements on the very same triangles and environment, thus allowing us to unambiguously compare both physical signals (EELS and CL). This is in stark contrast to previously published CL and EELS measurements performed on related but dissimilar nanoparticles, 37 as even slight changes in dimensions or environment can significantly shift energies 38 and, thus, impair any quantitative comparison between CL and EELS.
We simulate spatially resolved EELS and CL probabilities, as well as extinction and scattering cross sections, using the retarded boundary-element method (BEM), 39 which allows us to account for the particle morphologies 37 and, when appropriate, model carbon substrates. The dielectric function of gold and amorphous carbon are taken from optical data. 40, 41 When needed, in order to increase the effect of dissipation, the imaginary part of the dielectric functions are modified as described in ref 23 (see Methods).
As a first illustration, Figure 1b presents the HAADF image and colored maps obtained from spatially resolved EELS and CL experiments performed on a 60 nm-wide triangle lying on a graphene sheet. Total acquisition times for the whole experiments are 157 s for CL and 16 s for EELS. In the color maps, the color and intensity of each pixel can be related to the energy and amplitude of a locally measured resonance. 42 These maps clearly show that two main excitations, located at the tips (lower energy excitation, yellowish color) and at the sides (higher energy excitation, greenish color) of the nanoprism, are measured in EELS, whereas only the low energy one is observed in CL. It is worth noting that such maps can be generated on the fly right after acquisition without resorting to the more lengthy procedures required for a quantitative analysis described below.
In order to quantitatively analyze the features already suggested by Figure 1b , we show in Figure 2a the EELS (blue) and CL (red) spectra corresponding to an electron probe located at the tip (T) and side (S) of this nanoprism. The filtered maps of Figure 2b display the spatial variations of the EELS (blue framed maps) and CL (red framed maps) signals averaged over two narrow (50 meV wide) energy windows centered on the resonances revealed in the EELS spectra. Beyond such filtered maps, we analyze the SP modes probed by both techniques by processing and fitting each spectrum of the data sets to a sum of Gaussian functions. 43 By doing so, each Gaussian peak can be associated with an optical mode. 4, 12, 23, 37, 38, 43, 44 An intensity map of a given mode is then retrieved by assigning to each image pixel the peak amplitude measured in the spectrum that is recorded at the corresponding electron probe position. Such amplitude maps are shown in Figure 2c and correspond to modes resonating at the energies associated with the maxima visible in the EELS and CL spectra. Data analysis based on such fitting techniques allows us to lift the ambiguities generally found in filtered maps, in which the origin of a given intensity change cannot be clearly identified, as it can result from a peak energy change or the tail of a neighboring intense mode (see refs 23 and 24) . As already demonstrated, 27,35 the two dominant modes that appear in the EELS data correspond to a low-energy dipolar mode, with charge density peaking at the tips, and a higher-energy non dipolar mode, with charge density peaking at the tips and edges (see inset of Figure 3a) . The nondipolar mode, loosely denoted here as a higher order mode, has been historically referred to as quadrupolar 35 but has been recently recast as hexapolar. 20 When averaging over the three tips and sides, we note that these modes are resonant at E EELS d,exp = 2.16 ± 0.02 eV and E EELS ho,exp = 2.41 ± 0.02 eV, respectively. Strikingly, the CL data exhibit just the dipolar mode (resonant at E CL d,exp = 2.18 ± 0.02 eV), as implied by the featureless spectrum and map filtered at the higher order mode energy, which shows only a background intensity without any spatial variations. We also note that the spatial distributions of EELS and CL intensities are similar for the dipolar mode, as suggested by previously reported EELS 4,27,33 and CL 34 separate experiments. These conclusions confirm the above qualitative analysis based in Figure 1b . The darkening of the higher order mode in CL is corroborated by the simulations shown in Figure 3 . Considering the absolute energy values, the agreement between simulations and experiments is quite satisfactory without taking into account any substrate. More precisely, they show that the dipolar mode is resonant at E EELS d,sim = 2.20 ± 0.005 eV in EELS and E CL d,sim = 2.17 ± 0.005 eV in CL. Furthermore, the higher order mode appears as an additional clear peak at E EELS ho,sim = 2.41 ± 0.005 eV in EELS, whereas it is barely visible in CL. The small energy difference between the EELS and CL dipolar resonances, which lies within the experimental error bars, is discussed in more details further on. Moreover, we note that the full width at half-maximum . We attribute this effect to the lower experimental energy resolution of EELS as compared with CL. The remarkable agreement between the experimental and calculated CL fwhm, thus, confirms the weak influence of the graphene sheet on the actual measurements. The absence of any higher order mode within the CL data set is a direct experimental demonstration of the drastically different characters of EELS and CL signals, which has been theoretically anticipated for several years. 16, 24, 25 CL only probes the radiative modes, which are dipolar modes for small objects, while EELS probes all the modes. We note that higher order modes may be radiative for larger triangles leaving the quasistatic regime.
We now focus on a more systematic comparison of EELS and CL measurements of dipolar modes in small nanoprism, before drawing a parallel with optical extinction and scattering. In the case shown in Figures 2 and 3 (small, graphenesupported particles), the dipolar energy positions as measured in EELS and CL are very similar. However, the situation is different when considering larger nanoprisms on carbon films. Although the spatial distributions of EELS and CL intensities are rather similar in both spectroscopies, just as for the smaller triangles, a difference arises for the resonance energies (see e.g., Figure S1 in Supporting Information). Figure 4a shows experimental EELS and CL spectra recorded when the electron probe is located at the tip of a nanoprism lying on a carbon foil. Although associated with the same dipolar mode, the EELS resonance is strikingly blue-shifted with respect to the CL resonance. Also, the fwhm are larger in this case than for the small triangles lying on graphene. Similar shifts and increased broadening are measured repeatedly on nanoprisms lying on a carbon foil, and are reminiscent of extinction and scattering phenomena. Indeed, as a very simple example, Figure 4b shows calculated extinction and scattering spectra superimposed on calculated EELS and CL tip spectra for an individual small nanoprism. The resemblance between EELS (CL) and extinction (scattering) is remarkable around the resonances. In particular, extinction is also blue-shifted with respect to scattering, and the shift is the same as between EELS and CL.
In order to seek a deeper and more intuitive understanding of these observations, we adopt an analytical approach derived from the nonretarded BEM formalism in the quasistatic limit 12, 14, 15, 18, 19 (see Supporting Information for a more detailed description and the complete derivation). This formalism enables a direct comparison between the quantities measured by optical and fast electron based spectroscopies through simple analytical expressions. In particular, the absorption and scattering cross sections can be shown to reduce to C abs (ω) = ∑ i=d A i,abs ωIm{f i (ω)} and
, where A i,abs and A i,sca are energy-independent prefactors and
In this expression, λ i is a real eigenvalue characterizing mode i, and λ(ω) = (1 + ε(ω))/(1 − ε(ω) contains the dielectric function of the metallic object ε(ω). The physical meanings of the spectral function f i (ω) and of λ i can be found in refs 12, 15, and 24. In the modal decompositions, the sums run over all the dipolar modes of the system. Obviously, the extinction and absorption cross sections are the same, 45 as the scattering cross section vanishes in the quasistatic limit. Thus, the physics of extinction is driven by absorption, and we can place extinction and absorption on an equal footing. Furthermore, it has been shown that the EEL probability at point R ⃗ ⊥ in a plane perpendicular to the electron beam (along z) reduces to
where A EEL is an energy-independent prefactor and ϕ̃i(R ⃗ ⊥ ,q z ) is the Fourier transform of the eigenpotential of mode i ϕ i (R ⃗ ⊥ ,z) along the beam direction. In a similar way, one can write the CL probability as
where A i,CL is an energy-independent prefactor. In contrast to EELS, the sum only runs over the dipolar modes (i.e., the only ones that contribute to radiation in the small particle limit). Equations 2 and 3 show that for a given dipolar mode i, the spatial dependences are the same in EELS and CL, as observed experimentally and in the simulations. They have a well-defined physical meaning, given by the spatial modulations of |ϕĩ(R ⃗ ⊥ ,ω/ v)| 2 . Furthermore, the above expressions clearly reveal that the spectral profiles of both EELS and absorption/extinction are proportional to the same spectral function Im{f i (ω)}. Likewise, CL and scattering are both proportional to |f i (ω)| 2 . This finding constitutes a generalization to an arbitrary shape of a wellknown result in the special case of a small sphere 16, 24, 45 and explains in simple terms why EELS and extinction on the one hand and CL and scattering on the other are so closely related. Indeed, although both the square modulus and imaginary parts of f i (ω) have the exact same maximum energies in the absence of dissipation, they shift when dissipation is present. For instance, by inserting a Drude model expression ε(ω) = 1 − ω p 2 /(ω 2 + iΓω) (ω p being the bulk plasmon energy and Γ a damping term) into eq 1, one finds the following Lorentziantype expressions for the imaginary part and square modulus of
where ω̃i = + λ 1 i ω p /√2 is the well-known nondissipative SP energy, which has a simple dependence on λ i in the Drude model. Because with this analytical dielectric constant Im-
, it is clear that these two quantities do not have the same resonance energies. This is consistent with the observation that the maximum oscillation amplitude of a driven harmonic damped oscillator (which corresponds to the maximum dipole moment and, thus, can be connected to the light emission induced either by light or fast electrons) occurs at a lower frequency that the maximum energy transfer. 46 Such effect has been invoked to explain the spectral shifts between near-field probe and far-field spectra 47 and has already been reported theoretically for extinction and scattering. 48 These expressions also predict that the magnitude of the shift increases with the amount of dissipation, which is in agreement with the fact that a shift is measured between EELS and CL only on large particles lying on a carbon foil.
As a further investigation of such spectral shifts, Figure 5a shows the magnitude of the EELS-CL shifts as measured on different particles. We sort these particles into four different groups: very small particles (60 nm edge long) lying on a graphene sheet (type 1), and larger particles of various sizes (90 nm, 130−150 nm, and 160 nm edge long) lying on a carbon foil (types 2, 3, and 4, respectively). We can speculate two different reasons to explain the shifts: large particle sizes and absorbing substrate. Thus, we perform additional retarded BEM simulations for gold nanoprisms with different sizes, with and without sparsely or highly dissipative carbon substrates (see Methods). For simplicity, we keep a constant aspect ratio of 2 and vary the edge length. The output is summarized in Figure  5b . For a given size, the substrate either induces or increases the spectral shift between EELS and CL by an amount related to its dissipating influence, in accordance with the quasistatic theory. We stress that the exact energy positions and shifts depend both on the size of the object and the absorption properties of the substrate, which makes any truly quantitative comparison between experiments and simulations extremely difficult. In particular, the thickness of most of the objects, as well as the exact dielectric properties of the substrate and environment, are unknown. As a matter of fact, the magnitude of the shift is always much larger in experiments than in simulations, which we tentatively attribute to an underestimate of dissipation. However, it is striking that the calculated trend is in qualitative agreement with the experiment (compare Figure 5a and b) . Interestingly, this trend cannot be captured by our model when describing the metal with a simple Drude model. In particular, taking into account the right energy dependent prefactors of the modal decompositions, eqs 4 and 5 imply that a dipolar mode would induce a CL (scattering) resonance blue-shifted relative to its corresponding EELS (extinction) resonance, which is contrary to what is observed in most of the cases. Nevertheless, the complete trend is qualitatively recovered by the model, not only for EELS and CL but also for extinction and scattering, when introducing tabulated gold dielectric function 40 into eq 1 (see Figure 5c ). This points out the importance of taking into account interband transitions in gold in this energy range to accurately describe the difference between absorption and scattering phenomena. This trend can be summarized as follows: the shift between EELS/extinction and CL/scattering, whose magnitude increases with the dissipation level, is increasingly negative below typically 1.6 eV, where gold behaves as a good Drude metal, and is increasingly positive above 1.8 eV, where it is dominated by its interband transitions. 49 The quasistatic modal decompositions are thus capable of generally explaining the close similarities between EELS and extinction shown in recent experiments 50 and call for an experimental comparison of CL and scattering to confirm their predicted resemblance.
In conclusion, we report spatially resolved EELS and CL measurements on the very same gold nanoprisms. They lead to the possibility of directly sorting out radiative and nonradiative modes. We show that a radiative mode, depending on the size and substrate, may be clearly observable at different resonance energies in both EELS and CL. These results are in agreement with fully retarded BEM electromagnetic simulations, which also indicate that such spectral differences originate in dissipation and are similar to those observed between optical extinction and scattering. These observations are explained using a modal decomposition analysis, which allows us to link the macroscopic concepts of extinction and scattering to spatially resolved EELS and CL experiments. We expect that these conclusions can be extrapolated to larger particles, for which similar retarded modal decompositions are needed to deal with more delocalized SP modes. We further hope that the present work sheds some light on the experimental retrieval of spectral and spatial information on plasmons.
Methods. The experiments are performed using a Vacuum Generator HB-501 scanning transmission electron microscope (STEM) equipped with a cold field emission electron gun. Both CL and EELS measurements are carried out at an operation voltage of 100 kV. The incident electron beam semiangle for EELS is set to 7.5 mrad, resulting in typical currents of 10−20 pA for a probe size of 0.7 nm. The incident semiangle for CL is set to 15 mrad, resulting in currents of more than 1 nA and a probe size of a few nanometres. The collection semiangle is 9 mrad for EELS, whereas the solid detection angle is 1.2 π sterad for CL.
Small monodisperse and larger nanoprisms are measured. The larger nanoprisms are dropcasted on a standard TEM grid, whereas the small ones are dropcasted on graphene sheets (Ted Pella Single Layer Graphene). The thickness of the monodisperse nanoprisms is monitored by deliberately damaging the graphene sheet by extreme illumination conditions. This leads to the deterioration of the sheet and the subsequent tilt of the nanoprism.
The dispersion of the electron and optical spectrometers are carefully measured through different calibration procedures. The EELS calibration is performed by applying a 10 V voltage difference on the drift tube and measuring the resulting spectral shift of the zero loss peak (ZLP) of an averaged spectrum recorded in vacuum (vacuum ZLP). The CL calibration is performed by systematically recording an Hg lamp emission spectrum after the experiments.
After acquisition, the EELS spectra are spectrally aligned and binned together. The resulting set of spectra is then deconvolved by the vacuum ZLP through Richardson Lucy deconvolution. 51 The dark noise of the CCD camera together with a very small signal contribution coming from the substrate are removed from the CL spectra by averaging and subtracting a few spectra recorded from the substrate.
After deconvolution, the spectral resolution for EELS, as estimated from the fwhm of the deconvolved vacuum ZLP, is of the order of 150 meV. The spectral resolution for CL is of the order of 30 meV, as estimated from the fwhm of the emission lines of the Hg lamp.
The EELS and CL local spectra shown on this article are averaged over a few pixels around the locations shown on the images. They are fitted to a single Gaussian function plus a sigmoid background to precisely access the resonance energies. All along this article, the errors given for each resonance include the calibration error as well as a possible fitting error. When the resonance energies and peak fwhm associated with the dipolar and higher order modes are discussed, the values also take into account an average over the resonances as measured at the three tips and sides of the nanoprism. In order to build maps such as the ones used in Figures 1 and 2 , all the EELS spectra contained in the spatially resolved data set are first normalized and subtracted from the ZLP. 4 Prior to fitting, the noise of the CL spectra is reduced via principal component analysis. 52 Multipeak fitting is performed on both EELS and CL data sets using a sum of Gaussian functions and a sigmoid background within each spectrum. 38 Maps of the amplitude of those peaks whose central energy is found within a given energy range are produced by assigning to each probe position the amplitude of the Gaussian function that is fitted within the corresponding spectrum in this energy range. For all the maps shown in this paper, we make sure that only one fitted Gaussian function has its center in the selected, narrow energy range.
The boundary element method (BEM) numerical simulations are achieved using either BEM-3D 37 or the MNPBEM toolbox 53 with its EELS/CL extension, 54 with the CL spectra computed as described in ref 55 . Simulations including a substrate are performed by adding a 5 nm thin cylinder upon which the nanoprism stands completely. To account for additional dissipation of the substrate, we arbitrarily multiply the imaginary part of the dielectric function of amorphous carbon 41 by 2. The amplitude maps of Figure 3c are obtained by calculating complete EELS and CL spectra at different probe positions and applying the same fitting procedure as for the experiment. 
